Introduction
and in filamentous phage release. The proteins of this superfamily have a conserved C-terminal region and a Gram-negative bacteria have developed different pathways variable N-terminal domain. Nevertheless, the N-terminal in order to secrete proteins in the extracellular medium domains of proteins involved in the same type of secretion (Pugsley, 1993; Salmond and Reeves, 1993) . In the type pathway (type II, type III, etc.) show some similarities I and type III secretion systems, secreted proteins pass (Genin and Boucher, 1994) . The filamentous phage f1 directly from the cytoplasm to the outer medium through protein pIV, one of the GspD homologs, was shown to a specific apparatus. The type I secretion apparatus is form in the outer membrane, multimers consisting of 10-composed of three proteins while the type III machinery 12 monomers (Kazmierczak et al., 1994) . It has been contains probably Ͼ15 proteins. In the type II system, or proposed that these complexes constitute pores allowing main terminal branch of the general secretory pathway bacteriophage extrusion. OutD is capable of forming mixed (MTB of GSP), secretion occurs in two steps: secreted proteins are first translocated by a Sec-dependent mechanmultimers with pIV probably through their conserved C-terminal regions (Kazmierczak et al., 1994) . Thus, the formation of a channel across which secreted proteins could pass has also been suggested for OutD and other GspD proteins. Until now, the mechanism by which secreted proteins interact with the secretion machinery has remained unknown. However, one important prerequisite for this process is the folding of the proteins in the periplasm into their native, or almost native, state (Hirst and Holmgren, 1987; Pugsley, 1992; Shevchik et al., 1995) . The cytoplasmic membrane-associated Gsp proteins are probably not required for the translocation of the secreted proteins into the periplasm since, in their absence, this process occurs via the Sec system (He et al., 1991) . The role of most of these cytoplasmic membrane proteins in the translocation of secreted proteins across the outer membrane remains unknown. In contrast, the outer membrane Gsp proteins seem to be at least involved in a channeling of E.coli BL21(pTdB-OD) and BL21(pTdB-ODC1) strains, function and they could also play a role in the recognition overproducing OutD and OutDC1 respectively, were prepared. The of the secreted proteins. To investigate the precise role of samples (~10 mg of protein/ml) were incubated in a loading buffer containing SDS (0.5%) and β-mercaptoethanol (3%) at 37°C for OutD, we have analyzed two properties of this protein:
15 min or in boiling water for 3 min. Proteins were separated in SDSits ability to multimerize in the outer membrane and its PAGE and analyzed by immunoblotting with anti-OutD. The positions ability to interact with Gsp and secreted proteins.
of the OutD and OutDC1 homomultimers and the molecular mass standard are indicated.
Results

OutD forms multimers in the outer membrane
The formation of homomultimers by three homologs of OutD (pIV, PulD and XpsD) has been demonstrated by cross-linking experiments (Kazmierczak et al., 1994; Chen et al., 1996; Hardie et al., 1996) . PulD and pIV form very stable high molecular weight complexes in vivo that are not dissociated by boiling in standard Laemmli sample buffer (SB) (Hardie et al., 1996; Linderoth et al., 1996) . Such OutD complexes were also observed when outer membrane fractions of E.chrysanthemi or Escherichia coli expressing outD were loaded, unboiled in SB, onto an 1). The complexes were totally dissociated after boiling of the samples. The complexes formed by OutD seem to be less stable than those formed by PulD or pIV.
performed by flotation in a sucrose gradient. In spite of large differences in the total amount of OutD detectable in the absence or presence of OutS, an almost similar OutS is necessary for the stabilization of OutD Hardie et al. (1996) have shown that PulS is required for position of OutD on the gradient was observed in both cases: OutD was detected in nearly equal amounts in the the stabilization and the insertion of PulD in the outer membrane. We tested whether OutS, the only known outer membrane fraction and in the bottom of the gradient (Figure 3 ). homolog of PulS, would play a similar role with OutD. The amount of OutD was estimated by immunoblotting in E.coli strains with or without OutS. The presence of Secreted proteins stabilize OutD in vivo Co-expression in E.coli of pelB and outD at 37°C (but OutS led to a drastic increase in the quantity of full size OutD in the bacteria and to a significant decrease in OutD not at 30°C) induced lysis of the bacteria when the OD 600 reached 0.3-0.5. This effect was not observed when truncated products (Figure 2 ). However, full size OutD was also detectable in the absence of OutS: in this case, these genes were expressed individually. While bacteria expressing outS and outD or outS and pelB were healthy, the amount of OutD was dependent on the strain and the growth temperature used (data not shown). OutS could the bacteriolytic effect was observed when these three genes were co-expressed. Thus, we supposed that secreted either stabilize OutD or play a role in its insertion in the outer membrane. In that case, insertion would protect proteins can interact with OutD. We checked whether OutD could be protected by the presence of secreted OutD from degradation. To distinguish between these two possibilities, fractionation of the membranes of cells proteins. The amount of OutD was estimated by immunoblotting in E.coli strains grown at 30°C, either expressing expressing outD in the presence or absence of outS was it should be possible to detect PelB in the outer membrane fraction when bacteria produce OutD. We compared the The same effect was detected when the outD and pelB genes were expressed on compatible plasmids (pACPLB PelB location in E.coli strains, either producing or not producing OutD. To increase the amount of OutD, outS and pTdB-OD) or when pelB and outD were cloned on the same plasmid (pTPLB-OD) ( Figure 4A ). This was also co-expressed. The membrane fractions of NM522(pTPLB) (PelB ϩ ) and NM522(pTPLB-OD/ protection effect could be reproduced by co-expression of outD with the genes of other secreted proteins, pemA and pACOS) (PelB ϩ , OutD ϩ , OutS ϩ ) were separated by flotation in a sucrose density gradient ( Figure 5 ). In the celZ ( Figure 4A ). The gene celZ, encoding EGZ, was cloned in both orientations in pBluescript. In pSCLZ, celZ absence of OutD, PelB was only found in the soluble protein fraction (bottom fractions of the gradient). In the was under the control of its own promoter, while in pKCLZ it was under the control of the inducible promoter presence of OutD, a portion of PelB co-migrated with the outer membrane fraction. As a control, we verified that Plac, allowing for a higher expression of celZ. The quantity of OutD detected in the cells was correlated with the the position of alkaline phosphatase, a periplasmic protein, was not affected in the presence of OutD. These results amount of EGZ synthesized, indicating that the protection effect is stoichiometric with the amount of secreted protein strongly suggest the existence of complexes containing OutD and PelB. ( Figure 4B ). To exclude the possibility that this protection could result from the overproduction of any protein in the To confirm this result, we performed co-precipitation analysis. The E.coli NM522(pTPLB-OD/pACOS) outer periplasm, OutD was co-expressed with the periplasmic protein MalE. Induction of malE expression did not change membrane fraction containing OutD and PelB was incubated with biotinylated PelB to chase the unlabeled PelB the level of OutD in the bacteria ( Figure 4C ). In E.coli strains co-expressing outD with genes of secreted proteins, from the complexes. Streptavidin-agarose was added to bind biotinylated PelB. Analysis of the proteins bound to the amount of secreted protein also increased, indicating that the protection effect is reciprocal (data not shown).
streptavidin-agarose revealed the presence of OutD ( Figure 6A ). In the absence of biotinylated PelB, OutD Both OutS and the secreted proteins are able to protect OutD from degradation. Co-expression in the same strain was not found among the proteins bound to streptavidin-agarose. of outS and pelB gave a higher level of OutD protection than any of these genes alone (data not shown). The additive effects of OutS and the secreted proteins led us
Interaction between OutD and PelB in vitro
The in vivo interaction between OutD and PelB may to suppose that they could interact with different parts of OutD.
require additional proteins present in the periplasm or in the membrane fraction. We tried to reproduce this interaction in vitro with purified proteins by performing ligand blotting
PelB interacts with OutD in vivo
To analyze whether the protection of OutD by secreted experiments. The outer membrane fraction of E.coli cells overproducing OutD was separated by SDS-PAGE and proteins results from their physical interaction, we tried to detect the formation of a stable complex containing blotted onto a nitrocellulose membrane. The membrane was incubated with PelB. Binding of PelB to the membrane these two proteins. In E.coli OutD is located in the outer with biotinylated MalE, no interaction with OutD or with the 75 kDa protein was detected (data not shown). To confirm the specificity of the PelB-OutD interaction, we was detected using anti-PelB antibodies followed by secondary antibodies coupled to peroxidase. The signal performed a chase experiment. Addition of an excess of unlabeled PelB to the incubation mixture strongly obtained was weak over a high background. To increase the sensitivity of this method, we used biotinylated PelB decreased the signal (Figure 7 ). Addition of a reducing agent dithiothreitol (DTT) to the incubation mixture preas a probe. Biotinylation of PelB was performed with the hydrophilic agent sulfo-NH-biotin, so that the biotinylation vented the specific binding of PelB to OutD (data not shown), confirming that, as previously suggested, a is restricted to the surface of the protein. The enzymatic and immunological properties of PelB appeared to be secreted protein has to be in a folded state to interact with the Out secretion machinery (Shevchik et al., 1995) . unchanged by the biotinylation. Thus, binding of PelB could be detected in a single step using peroxidaseconjugated streptavidin. Using this technique, we could
Functional analysis of OutD deletion derivatives
To determine the regions of OutD involved in the interdetect the binding of PelB to OutD blotted onto a nitrocellulose membrane (Figure 7) . However, an unidentified action with OutS, with secreted proteins and in the formation of homomultimers, we constructed a series of protein of a size almost identical to OutD (75 kDa), present even in E.coli cells that do not express OutD, was OutD deletions (Figure 8 ). OutD is divided into two parts ( Martin et al., 1993) . OutDC2 is deleted of the last 328 amino acids of the protein; the deleted region is the part that is conserved in all the GspD homologs. Two deletions OutDN1 confirmed that these two proteins do not interact ( Figure 5C ). The amount of protein of derivatives that are of the N-terminal part were also constructed. OutDN1 has a deletion of amino acids 66-116. OutDN2 has a deletion not stabilized by OutS (OutDC1 and OutDC2) and of OutDN2 is too low to allow this type of analysis. However, of the first 285 amino acids of OutD, placed under the control of the PelB signal sequence to allow its translocthe formation of complexes between OutDC2 and PelB was demonstrated by immunoprecipitation experiments ation into the periplasm. This protein is very unstable and toxic for the cells. The same construct, without signal ( Figure 6B ). Only OutDC1 was able to interact with PelB in vitro (Figure 7) . OutDC1 was the only derivative sequence (pODN), that accumulates in the cytoplasm, is stable, indicating that the periplasmic location makes that could form multimers in semi-denaturing conditions (Figure 1 ). it toxic.
Protection of the various OutD deletions by OutS was The ability of OutD and its derivatives to complement an E.chrysanthemi outD non-polar mutation and to intertested (Figure 2 ). This effect was visible with OutDN1 but not with OutDC1 or OutDC2. No increase in the fere with the intact Out machinery in the wild-type background was tested. While the plasmid encoding the amount of OutDN2 was visible. However, OutS seems to interact with OutDN2, since their co-production increases wild-type OutD (pTdB-OD) was capable of restoring the pectinase and cellulase secretion in strain A2591 (outD -), the toxicity of OutDN2. Thus, the interaction between OutD and OutS occurs through the C-terminal part of among the OutD derivatives, only the OutDC1-encoding plasmid (pTdB-ODC1) partially complemented the outD OutD.
The four OutD derivatives were tested for their ability mutation (data not shown). The introduction of the OutD derivative-encoding plasmids into the wild-type strain to interact with PelB. Quantities of OutDC1 and OutDC2 detected in the cells were dramatically increased in the A350 showed that OutDN1 exerted a negative dominance over the chromosomally encoded OutD, since it caused a presence of PelB, while the amount of OutDN1 and OutDN2 was unchanged (Figure 9 ). Thus, the N-terminal decrease in the secretion efficiency (data not shown). No effect was observed with the other constructs. part of OutD is involved in the protection effect of secreted proteins. To determine which region of OutD is required for the interaction with the secreted proteins, we tested PelC of E.carotovora does not interact with OutD of E.chrysanthemi by various approaches the ability of PelB to interact with the OutD derivatives. Analysis by sucrose density gradient Despite a high level of homology, the secretion systems of E.chrysanthemi and E.carotovora are not interchangof membrane fractions of cells co-expressing PelB and Table I. able, and heterologously expressed Pels are not secreted (Lindeberg et al., 1996) . We wondered whether the limiting step in the secretion process could be the recognition of which protein to secrete by OutD. For this analysis, we used the E.carotovora PelC (PelC Ecc ) protein and the E.chrysanthemi OutD. PelC Ecc is a member of the neutral pectate lyases family and presents 76% homology with PelB Ech (Hinton et al., 1989) . Although a weak protection of OutD by PelC Ecc was observed in vivo when PelC Ecc was overexpressed, we could not detect a repositioning of PelC Ecc in the outer membrane by OutD Ech ( Figure   Fig. 9 Among the components of the Out machinery, OutD is the principal protein in the outer membrane. Thus, it absence of OutS, OutD would be degraded, only a small part of it escaping the degradation and becoming incorporwould be expected to play a special role by controlling the traffic of secreted proteins. The results presented here ated into the outer membrane.
(ii) OutS could be necessary for the insertion of OutD in the outer membrane. In its focused on two features of OutD: its ability to multimerize in the outer membrane and its capacity to interact with absence, the improperly located OutD would be degraded. Further experiments will be required to determine the proteins secreted by the Out secretion machinery. The presence of large amounts of OutD in the outer membrane exact function of OutS. A search for homology between the 62 C-terminal requires OutS. In the absence of OutS, only a small amount of OutD can be detected in the bacteria. However, amino acids of OutD, which allow interaction with OutS, and other proteins detected only the C-terminal ends of the relative amount of OutD associated with the outer membrane is the same in the presence or absence of OutS:
K.oxytoca PulD and E.carotovora OutD, but no other GspD. These bacteria are the only two, apart from in the absence of OutS, the augmentation of the amount of OutD due to PelB protection results in a corresponding E.chrysanthemi, known to possess a GspS protein. The presence of a GspS and a C-terminal extension in GspD increase in the quantity of OutD in the outer membrane (Figure 3) . We have shown that the 62 C-terminal amino seems to be correlated. Insertion of GspD could occur without a GspS-like chaperone in bacteria, as in acids of OutD are necessary for its stabilization by OutS, since no protective effect by OutS was observed for either P.aeruginosa or Xanthomonas campestris. Cross-linking data obtained with pIV, and confirmed by OutDC1 or OutDC2. However, even OutDC2, which lacks the 328 C-terminal amino acids of OutD, co-fractionated studies with PulD and XpsD, led Russel to suggest a channel-forming function for the GspD proteins with the outer membrane fraction in a sucrose flotation gradient (data not shown). Thus, it seems that OutD can (Kazmierczak et al., 1994) . However, chemical crosslinking sometimes allows for the formation of homomultibe associated with the outer membrane even in the absence of OutS. mers of proteins that are not really assembled in vivo (Pugsley, 1996) . We were able to demonstrate the existence Although it is obvious that OutS is required for the stabilization of OutD, its mechanism of action is not of multimers, up to tetramers, of OutD in vivo without the use of cross-linking agents. The large size of OutD clearly understood. OutS could have two functions: (i) the protection of OutD while it crosses the periplasm. In the prevented the resolution of larger complexes by SDS- The interaction of secreted proteins with OutD induces its conformational change. This modification is transduced to the inner membrane part of the secretion machinery by one of the proteins containing a large periplasmic domain (OutC, K or M). OutC seems to be the most probable candidate to interact specifically with OutD and/or with the proteins to be secreted (Lindeberg et al., 1996) . This signal is transmitted, via this protein, to OutL and OutE located in the cytoplasmic membrane.
(C) OutE, a putative ATPase (Sandkvist et al., 1995) , could energize other Out proteins, such as the pseudopilins, to push the secreted protein through the pore formed by OutD.
PAGE. Although we were not able to detect them, we i.e. other Out proteins, participate in this interaction in vivo, increasing its affinity and stability. Another importcannot exclude the possibility that 10 to 12 mers are formed as observed for the pIV protein (Kazmierczak ant feature of the OutD-secreted proteins interaction, determined by ligand-blotting experiments, is that only et al., 1994). The formation of multimers was also observed with OutDC1, indicating that the C-terminal extension is correctly folded secreted proteins are able to interact with OutD. not required for multimerization. Moreover, insertion of OutDC1 in the outer membrane, without the help of
The in vivo experiments on the protection of the OutD derivatives by PelB showed that an intact N-terminal OutS, did not prevent its subsequent multimerization. The formation of a functional structure by OutDC1 was also region of OutD is necessary for the interaction with secreted proteins. The OutD N-terminus seems to be confirmed by its ability to partially complement an E.chrysanthemi outD mutant. We could not show the exposed to the periplasm, since~50% of OutDC2 is liberated from cells, together with other periplasmic proformation of multimers with other OutD derivatives. It is possible that the complexes were formed but were then teins, by osmotic shock. Its function could be to 'fish' for the secreted proteins in the periplasm ( Figure 10A ). The unstable during electrophoresis. It is also possible that they did not form, if the multimerization signal extends 50 amino acid N-terminal deletion of OutDN1 prevents its interaction with the secreted proteins, since no protecover several regions of OutD.
Besides its ability to multimerize, we showed that OutD tion was observed in vivo ( Figure 9 ). Thus, the negative dominance of OutDN1 over the wild-type OutD, observed is able to interact with proteins secreted by the Out machinery. Several techniques were used to demonstrate in A350(pODN1), could be the result of the formation of mixed multimers in the outer membrane, unable to recogthat, even in the absence of the other Out proteins, OutD is able to interact with secreted proteins in vivo and nize the secreted proteins. Another function of the N-terminus of OutD could be in vitro. The protection of OutD by secreted proteins is specific and stoichiometric, indicating the possible to gate the pore it is forming. The interaction of the secreted proteins with OutD could provoke a modification formation of a complex between OutD and these proteins. Co-fractionation of PelB and OutD in the outer membrane of the structure of the channel: co-expression of pelB and outD in E.coli at 37°C provokes cell lysis. This effect fraction showed that these complexes are stable. Unlabeled PelB could be chased from these complexes by biotinylated does not result from the overproduction of OutD, since co-expression of outS and outD did not produce that PelB, and co-precipitation of biotinylated PelB-OutD complexes could be observed. Taken together, these results phenotype. This bacteriolytic effect could result from a partial opening of the channels formed by OutD, due to indicate the existence of a specific interaction between OutD and secreted proteins in cells. The ligand-blotting the interaction of OutD with the secreted proteins. The toxic effect of OutDN2, which lacks the N-terminal experiments also demonstrated the possibility of a bicomponent, OutD-PelB, interaction. One question remains domain of OutD, could result from the absence of this gating activity. Co-expression of OutC, K, L and M unanswered: are other cellular proteins involved in this interaction? It cannot be ruled out that additional protein(s), together with OutD and PelB did not prevent the bacterio-lytic effect, suggesting that the gating activity of OutD is then energize an Out protein to open the pore formed by OutD and push the secreted protein into the outer medium not modulated by the presence of other Out proteins. However, it cannot be ruled out that one of these proteins (Figure 10 ). Such a mechanism would insure that the pore is open only when a protein is ready to be secreted. interacts with the OutD-PelB complex without suppressing the bacteriolytic effect. Moreover, the secretion process is very dependent on the stoichiometry of the different Gsp
Materials and methods
proteins (Pugsley, 1996) .
Among members of the GspD superfamily, the particularly exchange of their N-terminal regions, will added to the following concentrations: ampicillin 150 μg/ml, chloramphenicol 25 μg/ml and kanamycin 50 μg/ml. Plate assays for the confirm if the secretion specificity is only determined by detection of pectinase and cellulase activities were performed as described this protein.
previously (Condemine et al., 1992) .
The interaction of secreted proteins with OutD is not sufficient to trigger their secretion in E.coli. This function Protein production, purification and labeling requires the other Out proteins. We propose that this OutD protein was overproduced in the K38(pGP1-2/pTdB-OD) strain and partially purified from the outer membrane (Triton/Mg-insoluble interaction modifies the conformation of OutD and that fraction), as described previously this modification is transduced to the inner membrane To overproduce PelB, BL21(pTPLB) cells were grown at 30°C in LB part of the secretion machinery by one of the proteins containing 150 μg/ml ampicillin. At an OD 600 of 1.0, IPTG was added possessing a large periplasmic domain (OutC, K or M).
to 1 mM and, after 2 h of additional growth, the cells were harvested by centrifugation for 5 min at 5000 g at 4°C and frozen at -80°C. The This signal would be transduced to OutE which could overproduced protein was extracted from cells by three cycles of W.Nasser and V.James for reading the manuscript. This work was supported by grants from the CNRS and DRED. freezing-thawing (Johnson and Hecht, 1994) . PelB was concentrated from the extract by 40-60% ammonium sulfate precipitation. The pellet was solubilized in 10 mM sodium phosphate buffer (NaPB) containing
